It is known that iron overload may lead to an increased risk for many diseases. According to GWAS studies, iron regulatory protein HFE gene variant H63D (rs1799945) was associated with hypertension, an observation which we were able to confirm also in our TAMRISK cohort. Thus, it is possible that abnormalities in iron homeostasis may predispose to hypertension. This prompted us to study whether there is an association between hypertension and another iron overload-associated gene, hemojuvelin (HJV), which has 2 common polymorphic sites (rs 16827043, rs7536827).
Introduction
Iron metabolism has been studied extensively to understand how the body maintains iron homeostasis. It is now known that hepcidin plays an important role on intestinal iron absorption and iron recycling in macrophages. Hepcidin functions by decreasing the amount of iron released from macrophages or absorbed from intestine. It is also known that hepcidin defiency may lead to severe iron overload in multiple organs. [1] [2] [3] [4] Hepcidin synthesis is complexly regulated by different proteins and pathways. [5] Two important transmembrane proteins, HFE (histocompatibility complex class I-like transmembrane protein) and HJV (hemojuvelin), are key modulators of hepcidin expression. HJV acts as a bone-morphogenetic protein (BMP) co-repressor, driving hepcidin transcription via the BMP-SMAD signaling cascade. [6] Using a mouse model, Kent et al [7] showed that HFE and HJV operate in the same pathway for regulation of hepcidin expression and iron metabolism. Recently, Wu et al [8] showed that HJV is the key regulator of hepcidin and that HFE acts in an HJV-dependent manner. Some mutations in these 2 proteins have been associated with severe iron overload in patients with hereditary haemochromatosis. [9, 10] Dysregulation in iron homeostasis may also lead to mild iron overload, which has not been generally taken into account. Two previous GWAS studies [11, 12] have found an association between HFE (H63D) genetic variant and hypertension. We were able to replicate this association in the TAMRISK cohort and showed that carriers of the mutation had higher risk for hypertension than those without this mutation. [13] Mutations in the HJV gene that lead to severe iron overload are rare, although over 40 mutations of HJV have been recognized. [14] Therefore, we analyzed 2 relatively frequent variants of this gene that have been shown to mediate dysfunctional iron regulation. [15] In the present study, we wanted to examine a possible association between these HJV genetic variants and hypertension in the Finnish TAMRISK cohort.
Materials and methods

Study population
The Tampere adult population cardiovascular risk study (TAM-RISK) is a prospective, longitudinal population-based health survey study in Tampere, a city in southern Finland with a population of 210 000. The data for the TAMRISK study was collected from the periodic health examinations (PHE) done for 50-year-old men and women living in Tampere. The PHE included one 60-minute session with a public health nurse at the center's health examination unit as previously described. [13, 16] TAMRISK data includes information of risk factors for hypertension: blood pressure, weight, family history of cardiovascular diseases, lipid values and smoking, diabetes, and exercise habits. Physical activity was defined as times of exercise/ week (enhanced breathing and sweating). Current and previous diseases were identified based on self-report of diagnosis by a physician, including hypertension. Cases in this study were the subjects who had hypertension and/or CAD at the age of 50 years as diagnosed by a physician by normal healthcare procedures. For most patients, physicians diagnose hypertension when blood pressure readings are consistently 140/90 mm Hg or above. For each case, at least 1 normotensive control with the same sex and similar smoking habits were chosen from a PHE cohort (n = 6000). Smoking status was evaluated based on self-reporting.
Using the patient's national identity code, data on hospitalizations including ICD-10 codes for discharge diagnoses were obtained from the Finnish National Hospital Discharge Registry (HILMO) maintained by the National Institute of Health and Welfare. Prevalence of ischemic heart diseases (I20-I25) were followed up from 2005 to 2014 until the subjects were on the average 60 years old.
Buccal swabs for DNA extraction and a permissions form to use PHE data were collected by mail separately of the physical examination. The DNA samples were collected during years 2006-2010. Informed consent was obtained from all participants. The Ethics Committees of the Tampere University Hospital and the City of Tampere approved the study.
Genotyping
DNA was extracted from buccal swabs using a commercial kit (Qiagen Inc., Valencia, CA). Genotyping was performed using KASP (Competitive Allelic Specific Amplification) genotyping services at KBioscience Institute, UK. Details of this method can be obtained from https://www.lgcgroup.com/genotyping/.
Statistical analysis
Statistical analyses were performed using IBM SPSS Statistics 23, and Hardy-Weinberg equilibrium of the genotypes was calculated using OEGE (online encyclopedia calculator for genetic epidemiology studies). [17] T-test and 1-way ANOVA for continuous variables (clinical characteristics) and chi-square test for categorical variables (hypertension, coronary artery disease) were applied for the comparison of HJV genotype groups. Associations of the genotyped HJV gene variants with hypertension/coronary artery disease with risk factors (BMI, glucose, cholesterol and gender) were analyzed using logistic regression analysis. P-values less than 0.05 were considered significant.
Results
Clinical characteristics of the study population at the age of 50 years are presented in Table 1 . Briefly, the case group comprised 336 hypertensive cases and control group 480 normotensive subjects with the same sex distribution and similar smoking habits. A total of 78 subjects were found to have coronary artery disease when followed up to 60 years of age.
Genotyping was successful in 808 subjects for the HJV rs16827043 (A > G) and in 795 subjects for the rs7536827 (A > T). The measured genotype frequencies were not significantly different from the expectations of Hardy-Weinberg equilibrium (x 2 = 0.22 for rs16827043 and x 2 = 0.09 for rs7536827). The clinical characteristics according to different genotypes are shown in Tables 2 and 3 . Table 1 Clinical characteristics of cases and controls of the study population and subpopulation with BMI < 30.
Study population
Subpopulation with BMI < 30 
For HJV polymorphism rs16827043, there were only 3 individuals who were homozygous for the GG genotype and they were combined to the GA genotype group. At the age of 50 years, 58 of 111 G-allele carriers (52,2%) had diagnosed hypertension compared to 287 of 697 (41.3%) of those homozygous for the wild type (AA), respectively (P = 0.041). Also, diastolic blood pressure readings were significantly higher among G-allele carriers (Table 2 ). When the risk for hypertension was analyzed by logistic regression using HJV variants, BMI, glucose, cholesterol, and gender as explainable variables, OR for HJV G-allele carriers was 1.66 (P = 0.03, 95% CI: 1.06-2.60), for BMI 1.19 (P < 0.001, 95% CI: 1.15-1.24), for glucose 1.49 (P < 0.001, 95% CI: 1.16-1.92), for cholesterol 0.99 (P = 0.96, 95% CI: 0.84-1.18), and for gender 1.50 (P = 0.02, 95% CI: 1.07-2.09) compared with AA genotype. In order to exclude the strong effect of BMI on hypertension, we also analyzed a subpopulation of the study participants with normal or only slightly elevated BMI. When overweight participants (BMI > 30) were excluded from the analyses, the risk for hypertension among G-allele carriers remained significant (OR = 1.80, 95% CI 1.09-2.98, P = 0.02). Adjusted and unadjusted results are in Table 4 . No statistically significant association with coronary artery disease was found (Table 2) .
For the other polymorphic site (rs7536927, T > A), no association between genotypes or combined alleles and hypertension was found in the whole study population (P = 0.29 for genotypes and P = 0.24 for A-allele carriers). However, when subjects were stratified according to weight, carriers of the A-allele whose BMI was less than 30 had more often hypertension compared with those homozygous for the wild type (TT) (OR = 1.56, P = 0.04, 95% CI 1.01-2.39) ( Table 4 .) As with the rs7536827, no association with coronary artery disease was found ( Table 2 ).
Discussion
The results of the present study suggest that genetic variation in the HJV gene is significantly associated with hypertension in a 50-year-old Finnish population. Previous studies of the HJV and HFE genetic polymorphisms have concentrated mainly on hemochromatosis. Our results and those of others indicate that disturbances in iron metabolism may also increase the risk for hypertension. [18, 19] We found no impact of the 2 studied HJV polymorphisms on coronary artery disease.
In this paper, we show that the minor allele G of the HJV variant rs16827043 was associated with hypertension. In addition, the association between the minor allele and hypertension was even stronger among normal-or only slightly overweight subjects. For the other HJV polymorphic site rs7536827, no statistically significant association with hypertension was found. However, when T allele carriers were combined and obese subjects were excluded, also this genetic variation associated with hypertension. Although the mechanism is not known, our result together with previous ones provides a further link between iron metabolism and hypertension. [11] [12] [13] 20] Mild iron overload is one possible explanation for higher blood pressure of carriers of the HJV minor variants, as has been suggested for H63D. [13] Both of these membrane receptors are involved in pathways leading to hepcidin transcription. A recent Table 2 Clinical characteristics of the study population stratified according to HJV rs 16827043 genotypes. Table 3 Clinical characteristics of the study population stratified according to HJV rs 7536827 genotypes. study has reported that HJV functions as enhancer for iron signaling to hepcidin. Since hepcidin is the main iron regulatory hormone, disturbances in pathways affecting hepcidin expression may block its function as a feedback inhibitor of iron absorption. However, only complete loss of hepcidin in humans is responsible for rare yet severe forms of massive body iron overload. [21] In Finland, tests for assessing body iron levels (serum ferritin and transferrin saturation) are not routinely measured and therefore a limitation of the TAMRISK study population is the lack of these saturation markers. However, it has previously been published that men with essential hypertension had greater iron stores than normotensive controls. [20] It is known that prevalence of hypertension is higher in obese than in lean populations and there is nearly linear relationship between BMI and blood pressure. [22] It has previously been shown that there is a gene-environmental association between hypertension genes and BMI. Thus, obesity will override the genetic effect. [13, 23] The association of HJV and hypertension was similar or even stronger for normal weight and slightly overweight subjects than in obese subjects, confirming the role of HJV.
Although the mechanism is not yet known, our results suggest that the minor allele G of the HJV variant (rs16827043) is associated with higher risk for hypertension at the age of 50 years, compared with the AA-genotype carriers. In addition, we found that among normal or slightly overweight individuals, also T-allele of the HJV rs7536827 increases the risk for hypertension. It is therefore possible that dysregulation in iron metabolism is a significant factor behind hypertension. Abnormalities in iron homeostasis and relationship between iron metabolism and hypertension warrant further studies. 
